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first optical modulator (11a).
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OPTICAL TRANSMISSION SYSTEM,
OPTICAL PHASE MODULATOR, AND
OPTICAL MODULATION METHOD

This application is a National Stage Entry of PCT/JP2013/
004639 filed on Jul. 31, 2013, which claims priority from
Japanese Patent Application 2012-224214 filed on Oct. 9,
2012, the contents of all of which are incorporated herein by
reference, in their entirety.

TECHNICAL FIELD

The present invention relates to an optical fiber communi-
cation technique, and in particular to an optical transmission
system, an optical phase modulator, and an optical modula-
tion method.

BACKGROUND ART

As the demand for broadband multimedia communication
services such as the Internet and video distributions has
explosively increased, high-density wavelength multiplexing
optical fiber communication systems having longer dis-
tances, larger capacities, and higher reliability have been
increasingly introduced in trunk systems and metro-systems
(intercity systems). Further, optical fiber access services are
also becoming rapidly widespread in subscriber systems. For
such communication systems using optical fibers, it is impor-
tant to reduce the cost required for laying (i.e., constructing)
optical fibers serving as optical transmission paths and
increase the transmission band use efficiency per optical fiber.

Therefore, a wavelength multiplexing technique in which a
plurality of optical signals having different wavelengths are
multiplexed and transmitted in the multiplexed state has been
widely used. Further, since the increasing traffic cannot be
handled by using the wavelength multiplexing technique
alone in recent years, the demand for increasing the transmis-
sion capacity per wavelength channel has grown even further.
For increasing the transmission capacity per wavelength
channel, it is advantageous to employ a multi-value optical
modulation signal technique whose optical modulation spec-
trum bandwidth is narrower than that of an ordinary binary
optical intensity modulation technique in view of the spec-
trum use efficiency and the tolerance to the wavelength dis-
persion and the polarized-wave dispersion of the optical
fibers.

For example, optical communication systems using a digi-
tal coherent technique, which has started to be commercially
used in recent years, uses QPSK (Quadrature Phase Shift
Keying) signals. Further, to increase the capacity even further,
optical communication systems and the like using larger
multi-values such as 16-QAM (Quadrature Amplitude Modu-
lation) have been studied. Further, to increase the capacity per
wavelength channel, it is necessary to improve the symbol
frequency of data. The bands of components are an important
factor for improving the symbol frequency of data.

In the case of optical components commonly used in opti-
cal fiber communication systems, for example, since each of
such components itself has a capacitance in an actual optical
modulator, its response speed is finite and hence does not have
an ideal response characteristic. Therefore, since the transient
response waveform of a phase modulation is determined
based on the band of the drive device that drives the optical
modulator, i.e., the transient response speed (rising and fall-
ing times) of an electric signal and the band characteristic of
the optical modulator itself, there has been a limit on the
increase in the speed exceeding 10 Gb/s.
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To solve such problems, a related art technique is proposed
in Patent Literature 1. FIGS. 14A and 14B show a concept of
aphase modulation section of the related art. FIG. 14A shows
its configuration diagram, and FIGS. 14B(a) and 14B(b) show
waveforms showing a phase modulation state. In the related
art, a first optical modulator 101 and a second optical modu-
lator 102 are provided on an optical waveguide. Further, the
phase of light passing through the optical waveguide 103 is
modulated by applying voltages to these optical modulators.

In this related art, a desired electric input signal DIN is
applied to the first optical modulator 101 and a signal DINB,
which is delayed from the electric input signal DIN by a
timing T and has a polarity reverse of that of the electric input
signal DIN, is applied to the second optical modulator 102. It
should be noted that the amplitude of the signal DINB is
smaller than that of the electric input signal DIN and appro-
priately chosen. By doing so, as shown in FIG. 14B(a), it is
possible to form overshoots and undershoots immediately
after the rising/falling edges of the waveform with respect to
the original phase modulation waveform. FIG. 14B(a) shows
an ideal rectangular waveform having an infinite response
speed for the sake of an easier explanation. However, in an
actual optical modulator, since the bands of the drive device
and the optical modulator are finite, the waveform becomes
the one shown in FIG. 14B(b).

As described above, the related art realizes a high-speed
optical phase modulation by appropriately setting the delay
amount T and the amplitude of the signal DINB by using the
device configuration and thereby performing a waveform
shaping process in which the overshoot and undershoot
amounts can be appropriately controlled even when the oper-
ating speeds of the drive electric device and the optical modu-
lator themselves are not very high.

However, although the above-described optical phase
modulator can control overshoots/undershoots immediately
after the rising and falling edges of the phase modulation
waveform, it cannot control the waveform immediately
before the rising and falling edges of the waveform. That is,
there is a problem that when the phase modulation waveform
is observed as an eye pattern, the waveform at the last part of
the eye pattern cannot be shaped, though the waveform at the
starting part of the eye pattern can be shaped.

Further, a pulse waveform that is shaped by a device using
the above-described technique becomes a left-right asymmet-
ric waveform. This prevents the frequency characteristics of
the drive device and the optical modulator, which are affected
by various factors, from being perfectly corrected, thus mak-
ing it impossible to obtain a desired waveform. Further, the
related art generates overshoots/undershoots by subtracting
the polarity-reversed signal DINB from the original wave-
form. This is a de-emphasis technique, causing a problem that
the amplitude is lowered.

Therefore, to obtain a desired phase change amount (a
desired amplitude of the waveform), it is necessary to
increase the amplitude of the DIN signal in advance by an
amount corresponding to the phase change amount caused by
the signal DINB. This leads to a significant increase in the
electric power consumed by the drive device. Further, the
related art has a problem that it cannot cope with the wave-
form shaping of multi-value modulations, which are expected
to become main-stream in the future.

CITATION LIST
Patent Literature

Patent Literature 1: International Patent Publication No.
W02008/023480
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Patent Literature 2: Japanese Unexamined Patent Applica-
tion Publication No. H7-13112

Patent Literature 3: Japanese Unexamined Patent Applica-
tion Publication No. H5-289033

Patent Literature 4: Japanese Unexamined Patent Applica-
tion Publication No. H5-257102

SUMMARY OF INVENTION
Technical Problem

As described above, the method in which an optical signal
is synthesized by delaying an optical signal and reversing its
polarity cannot control the waveform immediately before the
rising and falling edges of the waveform. Further, the wave-
form of the synthesized signal becomes asymmetric. Further,
since the amplitude of the optical signal is lowered, it is
necessary to increase the voltage in advance by an amount
corresponding to the decrease in the amplitude, thus causing
an increase in the power consumption.

The present invention has been made in view of the above-
described problems and an object thereof is to provide an
optical transmission system, an optical phase modulator, and
an optical modulation method capable of shaping a pulse
waveform with an excellent symmetry and thereby achieving
a high-speed waveform response even when the operating
speeds of the drive device and the optical modulator them-
selves are not very high.

Solution to Problem

An optical transmission system according to an aspect
includes: a first optical modulator that performs an optical
modulation process for input light; a second optical modula-
tor that performs an optical modulation process for the input
light; a third optical modulator that performs an optical
modulation process for the input light; signal output means
for outputting a drive signal according to an input signal to the
first optical modulator; first waveform shaping signal output
means for outputting a first waveform shaping signal to the
second optical modulator; and second waveform shaping sig-
nal output means for outputting a second waveform shaping
signal to the third optical modulator, in which the first wave-
form shaping signal output means outputs the first waveform
shaping signal at a timing relatively later than a timing of an
output of a signal by the first optical modulator, and the
second waveform shaping signal output means outputs the
second waveform shaping signal at a timing relatively earlier
than the timing of the output of the signal by the first optical
modulator.

An optical phase modulator according to an aspect
includes: a first optical modulator that performs an optical
modulation process for input light; a second optical modula-
tor that performs an optical modulation process for the input
light; a third optical modulator that performs an optical
modulation process for the input light; signal output means
for outputting a drive signal according to an input signal to the
first optical modulator; first waveform shaping signal output
means for outputting a first waveform shaping signal to the
second optical modulator; and second waveform shaping sig-
nal output means for outputting a second waveform shaping
signal to the third optical modulator, in which the first wave-
form shaping signal output means outputs the first waveform
shaping signal at a timing relatively later than a timing of an
output of a signal by the first optical modulator, and the
second waveform shaping signal output means outputs the

10

15

20

25

30

35

40

45

50

55

60

65

4

second waveform shaping signal at a timing relatively earlier
than the timing of the output of the signal by the first optical
modulator.

An optical modulation method according to an aspect is an
optical modulation method for modulating input light based
on a drive signal, a first waveform shaping signal, and a
second waveform shaping signal, the drive signal being
adapted to change according to an input signal, the optical
modulation method including: performing an optical modu-
lation for the input light by using the drive signal; performing
waveform shaping for the input light by using the second
waveform shaping signal at a timing relatively earlier than a
timing of the drive signal; and performing waveform shaping
for the input light by using the first waveform shaping signal
at a timing relatively later than the timing of the drive signal.

Advantageous Effects of Invention

According to the present invention, it is possible to provide
an optical transmission system, an optical phase modulator,
and an optical modulation method capable of shaping a pulse
waveform with an excellent symmetry and thereby achieving
a high-speed waveform response even when the operating
speeds of the drive device and the optical modulator them-
selves are not very high.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a general configuration diagram of an optical
modulator according to a first exemplary embodiment;

FIG. 2 is a specific configuration diagram of an optical
modulator according to the first exemplary embodiment;

FIG. 3 is a diagram for explaining an operation of the
optical modulator according to the first exemplary embodi-
ment;

FIG. 4 is a configuration diagram of an optical modulator
according to a second exemplary embodiment;

FIG. 5A is a configuration diagram of first and second
waveform shaping signal generation devices of the optical
modulator according to the second exemplary embodiment;

FIG. 5B is a configuration diagram of first and second
waveform shaping signal generation devices of the optical
modulator according to the second exemplary embodiment;

FIG. 6 is a diagram for explaining an operation of the
optical modulator according to the second exemplary
embodiment;

FIG.7A is a configuration diagram of other first and second
waveform shaping signal generation devices of the optical
modulator according to the second exemplary embodiment;

FIG. 7B is a configuration diagram of other first and second
waveform shaping signal generation devices of the optical
modulator according to the second exemplary embodiment;

FIG. 8 is a configuration diagram of a multi-value optical
modulator according to a third exemplary embodiment;

FIG. 9 is a diagram for explaining an operation of the
optical modulator according to the third exemplary embodi-
ment;

FIG. 10 is a configuration diagram of a multi-value optical
modulator according to a fourth exemplary embodiment;

FIG. 11 is a diagram for explaining an operation of the
optical modulator according to the fourth exemplary embodi-
ment;

FIG. 12 is a configuration diagram of a Mach-Zehnder
optical modulator according to a fifth exemplary embodi-
ment;



US 9,425,898 B2

5

FIG. 13 is a configuration diagram of an optical transmis-
sion/reception system according to a sixth exemplary
embodiment;

FIG. 14A is a configuration diagram of an optical modu-
lator according to related art and a diagram for explaining its
operation; and

FIG. 14B is a configuration diagram of an optical modula-
tor according to related art and a diagram for explaining its
operation.

DESCRIPTION OF EMBODIMENTS
First Exemplary Embodiment of the Invention

Exemplary embodiments according to the present inven-
tion are explained hereinafter with reference to the drawings.
FIG. 1 is a general configuration diagram of an optical phase
modulator 10 according to an exemplary embodiment of the
present invention. As shown in the figure, the optical phase
modulator 10 includes an optical waveguide 10q that guides
an input optical signal, signal output means 118, second
waveform shaping signal output means 128, third waveform
shaping signal output means 13S, and first to third optical
modulators (11a, 12a and 13a).

The signal output means 118 includes a first electric delay
device 11c that delays an input signal DIN, and a first drive
device 115 that receives an output of the first electric delay
device 11¢ and outputs an electric signal DIN_MAIN for
driving the optical modulator.

The second waveform shaping signal output means 12S
includes a second drive device 125, a second electric delay
device 12¢, and a first waveform shaping signal generation
device 124.

The second drive device 125 receives an output of the
second electric delay device 12¢ and outputs an electric signal
DIN_POST for driving the second optical modulator 12a.

The second electric delay device 12¢ delays an output of
the first waveform shaping signal generation device 12d.

The first waveform shaping signal generation device 124
generates a waveform shaping signal based on the input sig-
nal DIN.

The third waveform shaping signal output means 13S
includes a third drive device 134, a third electric delay device
13¢, and a second waveform shaping signal generation device
13d.

The third drive device 135 receives an output of the third
electric delay device 13¢ and outputs an electric signal DIN_
PRE for driving the optical modulator 13a.

The third electric delay device 13¢ delays an output of the
second waveform shaping signal generation device 134d.

The second waveform shaping signal generation device
13d generates a waveform shaping signal based on the input
signal DIN.

The first optical modulator 114 receives the electric signal
DIN_MAIN, which is an output of the signal output means
118, modulates the phase of light passing through the optical
waveguide 10qa, and outputs the phase-modulated light.

The second optical modulator 12a receives the electric
signal DIN_POST, which is an output of the first waveform
shaping signal output means 12S, modulates the phase of the
light passing through the optical waveguide 10a, and outputs
the phase-modulated light.

The third optical modulator 13a receives the electric signal
DIN_PRE, which is an output of the second waveform shap-
ing signal output means 13S, modulates the phase of the light
passing through the optical waveguide 10a, and outputs the
phase-modulated light.
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The difference between the related art and this exemplary
embodiment of the present invention lies in that the optical
phase modulator 10 includes the third optical modulator 13«
in addition to the first and second optical modulators (101 and
102). Further, another difference is that the delay amounts by
the first to third electric delay devices (11¢, 12¢ and 13¢) are
set so that the order of the output timings of the three electric
signals for driving the first to third optical modulators
becomes the order of DIN_PRE, DIN_MAIN and DIN_
POST. That is, in contrast to the related art, the optical phase
modulator 10 includes, in addition to the second optical
modulator 12a that is driven at a timing that is later than the
drive timing of the first optical modulator 11a, which is the
main optical modulator, the third optical modulator 134 that is
driven at a timing that is earlier than the drive timing of the
first optical modulator 11a by a predetermined time.

FIG. 2 shows a configuration diagram of the first exem-
plary embodiment in a more detailed manner. Further, FIG. 3
shows a diagram for explaining an operation of the first exem-
plary embodiment. Firstly, an electric signal DIN, which is an
input signal, is divided into three branches for the first electric
delay device 11¢, and the first and second waveform shaping
signal generation devices. In the first electric delay device
11¢, the input signal DIN is delayed by a predetermined time
and the delayed signal is transmitted to the first drive device
115. The first drive device 115 amplifies that signal to a
predetermined amplitude and drives the first optical modula-
tor 11a by the amplified signal. Here, the electric signal for
driving the first optical modulator 11a is expressed as “DIN_
MAIN”, and FIG. 3(a) shows phase modulation amounts of
light given by that signal.

Next, the first waveform shaping signal generation device
12d reverses the polarity of the input signal DIN and transmits
the phase-reversed signal to the second electric delay device
12¢. The second electric delay device 12¢ delays that signal
by a predetermined time and transmits the delayed signal to
the second drive device 12b. The second drive device 124
amplifies that signal to a predetermined amplitude and drives
the second optical modulator 12a by the amplified signal.
Here, the electric signal for driving the second optical modu-
lator 12a is expressed as “DIN_POST”, and FIG. 3(b) shows
phase modulation amounts of light given by that signal. Fur-
ther, similarly to the first waveform shaping signal generation
device, the second waveform shaping signal generation
device 134 reverses the polarity of the input signal DIN and
transmits the phase-reversed signal to the third electric delay
device 13c.

The third electric delay device 13¢ delays the above signal
by a predetermined time and transmits the delayed signal to
the third drive device 135. The third drive device 135 ampli-
fies that signal to a predetermined amplitude and drives the
third optical modulator 13a by the amplified signal. Here, the
electric signal for driving the third optical modulator 134 is
expressed as “DIN_PRE”, and FIG. 3(¢) shows phase modu-
lation amounts of light given by that signal. Note that the
delay amounts by the first, second and third electric delay
devices (11¢, 12¢ and 13¢) are set to Tpre, (Tpre+tpost), 0,
respectively. By doing so, as shown in FIGS. 3(a), 3(b) and
3(c), the first to third optical modulators (11a, 12a¢ and 13a)
are driven in the order of DIN_PRE, DIN_MAIN and DIN_
POST.

As a result, the phase modulation amount of the light that
has passed through the first to third optical modulators (11a,
12a and 13a) is expressed by a waveform that is obtained by
summing up all of the phase change waveforms shown in
FIGS. 3(a), 3(b) and 3(c¢). Consequently, a waveform shown
in FIG. 3(d) is eventually obtained. In contrast to the phase
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changes according to the related art, the waveform shown in
FIG. 3(d) achieves undershoots and overshoots immediately
before the rising/falling edges in addition to the overshoots
and undershoots immediately after the rising/falling edges.
This effect is obtained by adding the third optical modulator
that is driven at a timing earlier than the timing of the phase
change signal of the first optical modulator 114, which is the
main optical modulator.

Further, FIG. 2 shows a waveform response in a case where
the amplitudes of the first to third drive devices 135 are set so
that the relative phase modulation amounts of the signals
DIN_PRE, DIN_MAIN and DIN_POST become
0.25:1:0.25. The amounts of the overshoots and undershoots
in the amplitude direction can be adjusted by changing this
amplitude ratio. Further, the amounts of the overshoots and
undershoots in the time-axis direction can also be adjusted by
adjusting the first to third delay amounts. Therefore, it is
possible to appropriately shape a waveform for every possible
condition for optical modulators and for drive devices by
appropriately setting the amplitudes and the delay amounts
according to the bands of'the optical modulators and the drive
devices.

For easierunderstanding, each of FIGS. 3(a), 3(b), 3(c) and
3(d) shows an ideal waveform in which the rising and falling
response times are infinite (). An actual waveform having a
finite response time becomes the one shown in FIG. 3(e). That
is, it is possible to make the rising/falling responses steeper
compared to a simple waveform response that is obtained by
driving the first optical modulator 11« alone, which is shown
by dotted lines in FIG. 3(e). Further, in contrast to the wave-
form shaping in the related art, the optical modulator accord-
ing to this exemplary embodiment can make the rising/falling
responses steeper without impairing the symmetry of the
waveform, thus making it possible to achieve an ideal wave-
form shaping effect.

Further, although a case where each of the first to third
optical modulators (11a, 124 and 134) is formed by using a
single electrode is explained in the above explanation for the
sake of a simple explanation, each of them may be formed by
using a plurality of electrodes. For example, for the second
and third optical modulators, it is possible to shape the final
synthesized phase modulation waveform into a more appro-
priate waveform by providing a plurality of optical modula-
tors and performing phase modulations by using drive signals
having mutually different timings according to the transient
response time of the waveform response of the first optical
modulator 11a, which is the main optical modulator.

Second Exemplary Embodiment of the Invention

Next, a second exemplary embodiment according to the
present invention is explained with reference to FI1G. 4. This
exemplary embodiment is characterized in that an edge detec-
tion device(s) is applied, instead of using the simple polarity
reverse, for the first and second waveform shaping signal
generation devices (124 and 134d) in the configuration of the
first exemplary embodiment. In this example, an analog dif-
ferential device 20 shown in FIGS. 5A and 5B is used as each
of first and second waveform shaping signal generation
devices (12d1 and 13d1). Further, FIG. 6 shows a diagram for
explaining an operation of the second exemplary embodi-
ment. Similarly to the first exemplary embodiment, the input
signal DIN is divided into three branches for the first electric
delay device 11¢, and the first and second waveform shaping
signal generation devices (1241 and 13d1).

Firstly, the first waveform shaping signal generation device
1241 receives an input signal DIN, then detects edges of the
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DIN waveform, and next generates an edge detection signal
corresponding to the rising/falling edges of the DIN wave-
form according to the operation of the analog differential
device 20 shown in FIGS. 5A and 5B. Meanwhile, the second
waveform shaping signal generation device 1341 generates
an edge detection signal corresponding to the rising/falling
edges of the DIN waveform according to the operation of the
analog differential device 20 in a similar manner, and then
performs a polarity reverse process. Next, the edge detection
signals generated by the first and second waveform shaping
signal generation devices (12d1 and 1341) drive the second
and third optical modulators (12a¢ and 13a), respectively,
through the second and third electric delay devices 13¢ and
the second and third drive devices (126 and 135), respec-
tively.

It should be noted that the second electric delay device
adjusts the timing by giving an appropriate delay so that the
edge detection signal occurs immediately after the rising/
falling edges of the phase waveform (FIG. 6(a)) of the first
optical modulator 11a, which is the main optical modulator,
as shown in FIG. 6(b). Meanwhile, the third electric delay
device 13¢ adjusts the timing by giving an appropriate delay
so that the edge detection signal occurs immediately before
the rising/falling edges of the phase waveform (FIG. 6(a)) of
the first optical modulator 11a, which is the main optical
modulator, as shown in FIG. 6(c). As a result, the phase
waveforms of the first to third optical modulators are com-
bined, thus making it possible to eventually obtain an optical
phase modulation waveform shown in FIG. 6(d).

Each of FIGS. 6(a), 6(b), 6(c) and 6(d) shows an ideal
waveform having an infinite response speed. However, an
actual waveform having a finite response time becomes the
one shown in FIG. 6(e). Similarly to the first exemplary
embodiment, this exemplary embodiment can make the ris-
ing/falling responses steeper compared to the optical phase
modulation waveform obtained by driving the first optical
modulator 11a alone without impairing the symmetry of the
pulse waveform, thus making it possible to achieve an ideal
waveform shaping effect. Further, according to this exem-
plary embodiment, the amounts of the overshoots and under-
shoots in the amplitude direction can be adjusted by changing
the amplitude of the drive device, thus making it possible to
appropriately shape the waveform according to the bands of
the optical modulators and the drive devices.

Further, one of the additional advantages of this exemplary
embodiment is power efficiency. In the related art or the
method according to the first exemplary embodiment, over-
shoot and undershoot waveforms are obtained by lowering
the amplitude of the original waveform of the first optical
modulator 11a. Therefore, it is necessary to increase the
phase modulation amplitude of the first optical modulator
114, which is the main optical modulator, in advance in order
to obtain a waveform having a desired amplitude, thus con-
suming extra electric power. In contrast to this, the optical
modulator according to this exemplary embodiment obtains
overshoots and undershoots by adding edge detection signals
generated by the first and second waveform shaping signal
generation devices (124 and 13d) to the phase modulation
waveform of the first optical modulator 11a, which is the
main optical modulator.

Therefore, there is no need to increase the phase modula-
tion amplitude of the first optical modulator 11a in advance.
That is, since the electric power consumed to generate the
phase modulation waveforms of the second and third optical
modulators is entirely consumed as the electric power for the
overshoots and undershoots, the power efficiency of this
exemplary embodiment is higher than that of the related art.
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Further, as the edge detection device(s) used in the first and
second waveform shaping signal generation devices (1241
and 13d1), an edge detection device(s) using a digital device
30 shown in FIGS. 7A and 7B may be used in place of the
analog differential device(s) 20 shown in FIGS. 5A and 5B.

Third Exemplary Embodiment of the Invention

Next, FIG. 8 shows a configuration of an optical modulator
according to a third exemplary embodiment. The third exem-
plary embodiment drives each of the first to third optical
modulators by an amplitude multi-value signal by using a
Digital-to-Analog Converter (DAC) in order to cope with a
multi-value modulation signal, which is expected to be
increasingly used in the future to increase the transmission
capacity. The fundamental operating principle of this exem-
plary embodiment is similar to that of the first exemplary
embodiment except that, instead of the electric signals DIN_
PRE, DIN_MAIN and DIN_POST for driving the first to
third optical modulators being the binary NRZ (Non Return
to Zero) signals used in the first exemplary embodiment, they
are electric signals having N-value amplitude values gener-
ated by first to third DACs (11e, 12¢ and 13e). The input
signal consists of an N-bit digital signal to express a multi-
value signal, and is divided into three branches for the first
DAC 11e, and the first and second waveform shaping signal
generation devices (124 and 134).

It is assumed that N is a bit number equal to or greater than
the levels of a desired multi-value modulation. The first and
second waveform shaping signal generation devices (12d and
134d) receive an N-bit input signal DIN, reverse its polarity,
and transmit the polarity-reversed signal to the first and third
DACs (11e and 13e), respectively. The signals output from
the first to third DACs (11e, 12¢ and 13¢) are transmitted to
the first to third drive devices (115, 126 and 135) through the
first to third delay devices (11¢, 12¢ and 13¢), and drive the
first to third optical modulators (11a, 12a and 13a), respec-
tively. For explaining a specific operation, FIG. 9 shows a
diagram for explaining an operation of the third exemplary
embodiment.

In order to give a simpler explanation, a case of a 4-value
phase modulation is explained hereinafter. The first optical
modulator 11a, which is the main optical modulator, per-
forms, for example, an optical phase modulation having a
4-level amplitude value as shown in FIG. 9(a). Further, in the
second and third optical modulators (12a and 13a), optical
phase modulation waveforms having an amplitude smaller
than that of the first optical modulator 11a and a polarity the
reverse of that of the first optical modulator 11a are obtained.
In addition, in the second optical modulator 12a, the drive
timing of the optical phase modulation waveform is delayed
s0 as to be later than that of the first optical modulator 11a by
Tpost. Further, in the third optical modulator, the drive timing
of the optical phase modulation waveform is advanced so as
to be earlier than that of the first optical modulator 11a by
Tpre.

As a result, the final synthesized waveform becomes the
one shown in FIG. 9(d). Similarly to the waveforms according
to the first and second exemplary embodiments, the rising/
falling edges can be made steeper without impairing the sym-
metry. Further, overshoots and undershoots can be appropri-
ately set by appropriately choosing the amplitudes of the
signal DIN_POST and DIN_PRE for driving the second and
third optical modulators. Note that each of FIGS. 9(a), 9(5),
9(c) and 9(d) shows an ideal waveform having an infinite
response speed.
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An actual waveform having a finite response time becomes
the one shown in FIG. 9(e). Similarly to the first and second
exemplary embodiments, the waveform can be appropriately
shaped even in the case of the multi-value modulation. Fur-
ther, as a technique for a multi-value modulation, Patent
Literature 2 to 4, for example, propose a method using a
plurality of divided electrodes. Even in this exemplary
embodiment, such a multi-value optical modulator using a
plurality of divided electrodes can also be applied to the first
and third optical modulators (11a, 12a and 13a).

Next, FIG. 10 shows a configuration of an optical modu-
lator according to a fourth exemplary embodiment. Similarly
to the second exemplary embodiment, the waveform shaping
using the first and second edge detection devices (1241 and
13d1) can be performed even in the multi-value optical modu-
lator, which is the third exemplary embodiment. The configu-
ration shown in FIG. 10 is roughly similar to that of the
second exemplary embodiment shown in FIG. 4. The differ-
ence is that the configuration shown in FIG. 10 includes a
DAC 11el that converts the input signal DIN into a multi-
value amplitude electric signal as the first step. The processes
performed after this DAC 11el are similar to those of the
second exemplary embodiment, and therefore detailed expla-
nations thereof are omitted. As an example, FIG. 11 shows a
diagram for explaining an operation in the case of a 4-value
optical phase modulation. FIG. 11(a) shows a phase modula-
tion waveform of the first optical modulator 11a, which is the
main optical modulator, and FIGS. 11(4) and 11(c) show
optical phase modulation waveforms for waveform shaping
by the second and third optical modulators (12a and 13a).

As a result, the final synthesized waveform becomes one
shown in FIG. 11(d). Similarly to the waveforms according to
the first and second exemplary embodiments, a waveform
having an excellent symmetry and steep rising/falling edges
can be obtained. Each of FIGS. 11(a), 11(), 11(c) and 11(d)
shows an ideal waveform having an infinite response speed.
An actual waveform having a finite response time becomes
one shown in FIG. 11(e). This exemplary embodiment can
also achieve similar effects to those of the third exemplary
embodiment.

Next, a Mach-Zehnder optical modulator, which is a fifth
exemplary embodiment of the present invention, is explained
with reference to FIG. 12. This exemplary embodiment is a
Mach-Zehnder optical modulator using two optical modula-
tors according to the above-described first to fourth exem-
plary embodiments. This is a Mach-Zehnder optical modula-
tor including an optical demultiplexer that separates input
light, two waveguides (10a and 105) that guide the separated
light beams, groups of optical modulators according to any of
the first to fourth exemplary embodiments each of which is
formed on a respective one of the aforementioned two
waveguides, and an optical demultiplexer that combines the
light beams whose phases have been modulated by the afore-
mentioned two optical modulators.

For simplifying the figure, FIG. 12 shows only the optical
modulator section for the second optical modulator group. In
reality, the second optical modulator group has a configura-
tion similar to that of the first optical modulator group 11a. In
the above explanation, the optical modulators have been
explained as phase modulators. However, by using a configu-
ration of a Mach-Zehnder interferometer as in the case of this
exemplary embodiment, they can be used as optical ampli-
tude modulators. Needless to say, even when they are used as
optical amplitude modulators, arbitrary waveform shaping
can be performed in a similar manner.

However, in the case where such an optical amplitude
modulation signal is received, although it is possible to
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receive it by using a widely and commonly used single recep-
tion photodiode, a negative side complex amplitude in which
an optical carrier phase is reversed is folded back to a positive
side since light is converted into an electric signal in accor-
dance with the principle of square-law detection. Therefore,
an offset may be given so that undershoots do not have a
negative side amplitude after the waveform shaping.

In contrast to this, when a system configuration in which a
signal is received by a balanced receiver consisting of a delay
interferometer like one used in DPSK and DQPSK optical
communication systems and two photodiodes is adopted, it is
possible to express the negative side complex amplitude, thus
eliminating the need for the offset explained above. Further,
an 1/Q optical modulator may be formed by combining two
Mach-Zehnder optical modulators according to this exem-
plary embodiment. Further, an optical modulator capable of
coping with 100 G transmission system polarized-wave mul-
tiplexing QPSK, which has started to be commercially used in
recent years, may be formed by combining two 1/Q optical
modulators explained above.

Next, an optical transmission/reception system according
to a sixth exemplary embodiment of the present invention is
explained with reference to FIG. 13. The optical transmis-
sion/reception system 200 shown in FIG. 13 uses an optical
modulator(s) according to any of the above-described first to
fifth exemplary embodiments. The optical transmission/re-
ception system 200 includes an optical phase modulator 201,
an optical receiver 202, and optical transmission path 203,
and an optical amplifier 204. An optical modulator according
to any of the above-described first to fifth exemplary embodi-
ments may be used for the optical phase modulator 201.
Further, the optical phase modulator 201 outputs, for
example, a four-phase deviation modulated QPSK optical
signal.

The optical phase modulator 201 is optically connected
with the optical receiver 202 through the optical transmission
path 203, and a QPSK optical signal propagates therebe-
tween. The optical amplifier 204 is inserted on the optical
transmission path 203 and amplifies the QPSK optical signal
propagating through the optical transmission path 203. The
optical receiver 202 demodulates the QPSK optical signal
into an electric signal. In this manner, the optical transmis-
sion/reception system 200 can transmit an optical signal.

Other Exemplary Embodiments

It should be noted that the present invention is not limited
to the above-described exemplary embodiments and they are
modified as desired without departing from the spirit and
scope of the present invention. For example, although the first
and second waveform shaping signal generation devices are
formed by using a polarity reverse device and/or an edge
detection device in the above exemplary embodiments, they
are not limited to such configurations. For example, those
devices may have any configuration, provided that they are
signal generation devices that create a difference between an
expected waveform response and an actual waveform
response.

Further, in the above-described exemplary embodiments,
cases where an actual waveform response, which is originally
delayed from and blunter than an expected waveform
response, is advanced and made steeper by the present inven-
tion are explained. However, it is possible to intentionally
delay a waveform response and make the waveform blunter,
which is originally too advanced, by modifying the process
performed in the waveform shaping signal generation device.
For example, in the first exemplary embodiment, when the
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first and second waveform shaping signal generation devices
are driven without performing the polarity reverse process
therein, the waveform can be shaped so that the rising/falling
edges of the waveform are made blunter.

As described above, according to the present invention,
every possible waveform shaping process can be performed
by appropriately adjusting the waveform shaping signal
devices and the electric delay devices, the drive device ampli-
tudes, and so on according to the expected waveform
response. By applying this function, it is possible, for
example, to generate an RZ (Return to Zero) signal by using
an NRZ drive device having a narrow band or narrow the
spectrum of an optical signal by removing unnecessary high-
frequency components. Further, it is also possible to realize
an optical communication system having higher frequency
use efficiency.

The whole or part of the exemplary embodiments disclosed
above can be described as, but not limited to, the following
supplementary notes.

(Supplementary Note 1)

An optical transmission system comprising:

a first optical modulator that performs an optical modula-
tion process for input light;

a second optical modulator that performs an optical modu-
lation process for the input light;

a third optical modulator that performs an optical modula-
tion process for the input light;

signal output means for outputting a drive signal according
to an input signal to the first optical modulator;

first waveform shaping signal output means for outputting
a first waveform shaping signal to the second optical modu-
lator; and

second waveform shaping signal output means for output-
ting a second waveform shaping signal to the third optical
modulator, wherein

the first waveform shaping signal output means outputs the
first waveform shaping signal at a timing relatively later than
atiming of an output of a signal by the first optical modulator,
and

the second waveform shaping signal output means outputs
the second waveform shaping signal at a timing relatively
earlier than the timing of the output of the signal by the first
optical modulator.

(Supplementary Note 2)

The optical transmission system described in Supplemen-
tary note 1, wherein

the first waveform shaping signal shapes a part of a signal
immediately after rising and falling edges thereof, the signal
being output by the first optical modulator, and

the second waveform shaping signal shapes a part of the
signal immediately before the rising and falling edges
thereof, the signal being output by the first optical modulator.
(Supplementary Note 3)

The optical transmission system described in Supplemen-
tary note 2, wherein

the first waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately after
the rising and falling edges thereof so that that part becomes
steeper, and

the second waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately
before the rising and falling edges thereof so that that part
becomes steeper.

(Supplementary Note 4)

The optical transmission system described in Supplemen-
tary note 3, wherein the first and second waveform shaping
signal output means receive the input signal and reverse its
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polarity, and then convert the polarity-reversed signal into an
signal having an amplitude smaller than that of the input
electric signal and output the converted signal as first and
second waveform shaping signals.
(Supplementary Note 5)

The optical transmission system described in Supplemen-
tary note 3, wherein

the second waveform shaping signal output means gener-
ates a pulse signal whose polarity is reversed earlier than
rising and falling timings of the input signal by a certain time,
and

the first waveform shaping signal output means generates a
pulse signal whose polarity is reversed later than the rising
and falling timings of the input signal by a certain time.
(Supplementary Note 6)

The optical transmission system described in any one of
Supplementary notes 1 to 3, wherein

the input signal is an N-bit digital signal capable of
expressing a multi-value level,

the optical transmission system further comprises:

a first DAC that receives the input signal and converts the
input signal into a multi-value signal; and

second and third DACs each of which converts a polarity-
reversed digital signal into a multi-value signal, and

the first DAC is connected to the signal output means, and
the second and third DACs are connected to the first and
second waveform shaping signal output means, respectively.
(Supplementary Note 7)

An optical phase modulator comprising:

a first optical modulator that performs an optical modula-
tion process for input light;

a second optical modulator that performs an optical modu-
lation process for the input light;

a third optical modulator that performs an optical modula-
tion process for the input light;

signal output means for outputting a drive signal according
to an input signal to the first optical modulator;

first waveform shaping signal output means for outputting
a first waveform shaping signal to the second optical modu-
lator; and

second waveform shaping signal output means for output-
ting a second waveform shaping signal to the third optical
modulator, wherein

the first waveform shaping signal output means outputs the
first waveform shaping signal at a timing relatively later than
atiming of an output of a signal by the first optical modulator,
and

the second waveform shaping signal output means outputs
the second waveform shaping signal at a timing relatively
earlier than the timing of the output of the signal by the first
optical modulator.
(Supplementary Note 8)

The optical phase modulator described in Supplementary
note 7, wherein

the first waveform shaping signal shapes a part of a signal
immediately after rising and falling edges thereof, the signal
being output by the first optical modulator, and

the second waveform shaping signal shapes a part of the
signal immediately before the rising and falling edges
thereof, the signal being output by the first optical modulator.
(Supplementary Note 9)

The optical phase modulator described in Supplementary
note 8, wherein

the first waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately after
the rising and falling edges thereof so that that part becomes
steeper, and
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the second waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately
before the rising and falling edges thereof so that that part
becomes steeper.

(Supplementary Note 10)

The optical phase modulator described in Supplementary
note 9, wherein the first and second waveform shaping signal
output means receive the input signal and reverse its polarity,
and then convert the polarity-reversed signal into an signal
having an amplitude smaller than that of the input signal and
output the converted signal as first and second waveform
shaping signals.

(Supplementary Note 11)

The optical phase modulator described in Supplementary
note 9, wherein

the second waveform shaping signal output means gener-
ates a pulse signal whose polarity is reversed earlier than
rising and falling timings of the input signal by a certain time,
and

the first waveform shaping signal output means generates a
pulse signal whose polarity is reversed later than the rising
and falling timings of the input signal by a certain time.
(Supplementary Note 12)

The optical phase modulator described in any one of
Supplementary notes 7 to 9, wherein

the input signal is an N-bit digital signal capable of
expressing a multi-value level,

the optical phase modulator further comprises:

a first DAC that receives the input signal and converts the
input signal into a multi-value signal; and

second and third DACs each of which converts a polarity-
reversed digital signal into a multi-value signal, and

the first DAC is connected to the signal output means, and
the second and third DACs are connected to the first and
second waveform shaping signal output means, respectively.
(Supplementary Note 13)

A Mach-Zehnder optical phase modulator obtained by
combining two optical phase modulators according to any
one of Supplementary notes 7 to 12.

(Supplementary Note 13)

An optical modulation method for modulating input light
based on a drive signal, a first waveform shaping signal, and
a second waveform shaping signal, the drive signal being
adapted to change according to an input signal, the optical
modulation method comprising:

performing an optical modulation for the input light by
using the drive signal;

performing waveform shaping for the input light by using
the second waveform shaping signal at a timing relatively
earlier than a timing of the drive signal; and

performing waveform shaping for the input light by using
the first waveform shaping signal at a timing relatively later
than the timing of the drive signal.

(Supplementary Note 14)

The optical modulation method described in Supplemen-
tary note 7, wherein

the first waveform shaping signal shapes a part of a signal
immediately after rising and falling edges thereof, the signal
being output by the first optical modulator, and

the second waveform shaping signal shapes a part of the
signal immediately before the rising and falling edges
thereof, the signal being output by the first optical modulator.
(Supplementary Note 15)

The optical modulation method described in Supplemen-
tary note 8, wherein
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the first waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately after
the rising and falling edges thereof so that that part becomes
steeper, and

the second waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately
before the rising and falling edges thereof so that that part
becomes steeper.

(Supplementary Note 16)

The optical modulation method described in Supplemen-
tary note 9, wherein the first and second waveform shaping
signal output means receive the input signal and reverse its
polarity, and then convert the polarity-reversed signal into an
signal having an amplitude smaller than that of the input
signal and output the converted signal as first and second
waveform shaping signals.

(Supplementary Note 17)

The optical modulation method described in Supplemen-
tary note 9, wherein

the second waveform shaping signal output means gener-
ates a pulse signal whose polarity is reversed earlier than
rising and falling timings of the input signal by a certain time,
and

the first waveform shaping signal output means generates a
pulse signal whose polarity is reversed later than the rising
and falling timings of the input signal by a certain time.
(Supplementary Note 18)

An optical transmission/reception system using an optical
transmission system or an optical phase modulator according
to any one of Supplementary notes 1 to 12.

Although the present invention is explained above with
reference to exemplary embodiments, the present invention is
not limited to the above-described exemplary embodiments.
Various modifications that can be understood by those skilled
in the art can be made to the configuration and details of the
present invention within the scope of the invention.

This application is based upon and claims the benefit of
priority from Japanese patent applications No. 2012-224214,
filed on Oct. 9, 2012, the disclosure of which is incorporated
herein in its entirety by reference.

REFERENCE SIGNS LIST

10 OPTICAL PHASE MODULATOR

10A SECOND OPTICAL MODULATOR

10a OPTICAL WAVEGUIDE

105 OPTICAL WAVEGUIDE

11a FIRST OPTICAL MODULATOR

115 FIRST DRIVE DEVICE

11¢ FIRST ELECTRIC DELAY DEVICE

11e FIRST DAC

11el FIRST DAC

11S SIGNAL OUTPUT MEANS

12a SECOND OPTICAL MODULATOR

125 SECOND DRIVE DEVICE

12¢ SECOND ELECTRIC DELAY DEVICE

124 FIRST WAVEFORM SHAPING SIGNAL GENERA-
TION DEVICE

1241 FIRST WAVEFORM SHAPING SIGNAL GENERA-
TION DEVICE

12¢ SECOND DAC

125 FIRST WAVEFORM SHAPING SIGNAL OUTPUT
MEANS

13a THIRD OPTICAL MODULATOR

135 THIRD DRIVE DEVICE

13¢ THIRD ELECTRIC DELAY DEVICE
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134 SECOND WAVEFORM SHAPING SIGNAL generation
device
1341 SECOND WAVEFORM SHAPING SIGNAL genera-
tion device
13¢ THIRD DAC
13S SECOND WAVEFORM SHAPING SIGNAL output
means
20 ANALOG DIFFERENTIAL DEVICE
30 DIGITAL DEVICE
40 OPTICAL DEMULTIPLEXER
41 OPTICAL DEMULTIPLEXER
42 UNREVERSED PHASE SIDE LIGHT TO BE modulated
43 REVERSED PHASE SIDE LIGHT TO BE Modulated
101 FIRST OPTICAL MODULATOR
102 SECOND OPTICAL MODULATOR
103 OPTICAL WAVEGUIDE
200 OPTICAL TRANSMISSION/RECEPTION SYSTEM
201 OPTICAL PHASE MODULATOR
202 OPTICAL RECEIVER
203 OPTICAL TRANSMISSION PATH
204 OPTICAL AMPLIFIER
What is claimed is:
1. An optical transmission system comprising:
a first optical modulator that performs an optical modula-
tion process for input light;
a second optical modulator that performs an optical modu-
lation process for the input light;
a third optical modulator that performs an optical modula-
tion process for the input light;
signal output unit that outputs a drive signal according to an
input signal to the first optical modulator;
first waveform shaping signal output unit that outputs a first
waveform shaping signal to the second optical modula-
tor; and
second waveform shaping signal unit that outputs a second
waveform shaping signal to the third optical modulator,
wherein
the first waveform shaping signal output unit outputs the
first waveform shaping signal at a timing relatively later
than a timing of an output of a signal by the first optical
modulator, and
the second waveform shaping signal output unit outputs the
second waveform shaping signal at a timing relatively
earlier than the timing of the output of the signal by the
first optical modulator.
2. The optical transmission system according to claim 1,
wherein
the first waveform shaping signal shapes a part of a signal
immediately after rising and falling edges thereof, the
signal being output by the first optical modulator, and
the second waveform shaping signal shapes a part of the
signal immediately before the rising and falling edges
thereof, the signal being output by the first optical modu-
lator.
3. The optical transmission system according to claim 2,
wherein
the first waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately
after the rising and falling edges thereof so that that part
becomes steeper, and
the second waveform shaping signal shapes the part of the
signal output by the first optical modulator immediately
before the rising and falling edges thereof so that that
part becomes steeper.
4. The optical transmission system according to claim 3,
wherein the first and second waveform shaping signal output
units receive the input signal and reverse its polarity, and then
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convert the polarity-reversed signal into an signal having an
amplitude smaller than that of the input signal and output the
converted signal as first and second waveform shaping sig-
nals.
5. The optical transmission system according to claim 3,
wherein
the second waveform shaping signal output unit generates
a pulse signal whose polarity is reversed earlier than
rising and falling timings of the input signal by a certain
time, and
the first waveform shaping signal output unit generates a
pulse signal whose polarity is reversed later than the
rising and falling timings of the input signal by a certain
time.
6. The optical transmission system according to claim 3,
wherein
the input signal is an N-bit digital signal capable of
expressing a multi-value level,
the optical transmission system further comprises:
a first DAC that receives the input signal and converts the
input signal into a multi-value signal; and
second and third DACs each of which converts a polarity-
reversed digital signal into a multi-value signal, and
the first DAC is connected to the signal output unit, and the
second and third DACs are connected to the first and
second waveform shaping signal output units, respec-
tively.
7. An optical phase modulator comprising:
a first optical modulator that performs an optical modula-
tion process for input light;
a second optical modulator that performs an optical modu-
lation process for the input light;
a third optical modulator that performs an optical modula-
tion process for the input light;
signal output unit that outputs a drive signal according to an
input signal to the first optical modulator;
first waveform shaping signal output unit that outputs a first
waveform shaping signal to the second optical modula-
tor; and
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second waveform shaping signal output unit that outputs a
second waveform shaping signal to the third optical
modulator, wherein

the first waveform shaping signal output unit outputs the
first waveform shaping signal at a timing relatively later
than a timing of an output of a signal by the first optical
modulator, and

the second waveform shaping signal output unit outputs the
second waveform shaping signal at a timing relatively
earlier than the timing of the output of the signal by the
first optical modulator.

8. The optical phase modulator according to claim 7,

wherein

the first waveform shaping signal shapes a part of a signal
immediately after rising and falling edges thereof, the
signal being output by the first optical modulator, and

the second waveform shaping signal shapes a part of the
signal immediately before the rising and falling edges
thereof, the signal being output by the first optical modu-
lator.

9. A Mach-Zehnder optical phase modulator obtained by
combining two optical phase modulators according to claim
8.

10. An optical modulation method for modulating input
light based on a drive signal, a first waveform shaping signal,
and a second waveform shaping signal, the drive signal being
adapted to change according to an input signal, the optical
modulation method comprising:

performing an optical modulation for the input light by
using the drive signal;

performing waveform shaping for the input light by using
the second waveform shaping signal at a timing rela-
tively earlier than a timing of the drive signal; and

performing waveform shaping for the input light by using
the first waveform shaping signal at a timing relatively
later than the timing of the drive signal.
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